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I.

Executive Summary

This document contains the progress and development of an automated tourniquet that would be
intended for use within the United States military. The project was student-led and sponsored.
Coordination and confirmation of our device was provided by Dr. John F. Kragh, who is part of the U.S.
Army Institute of Surgical Research. The document will outline the research conducted on tourniquets,
specification development of the tourniquet, morphology process, and final design production of the
automatic tourniquet. This document was progressively updated over five months, and indications have
been made within the document with updated dates.

II.

Project Introduction

The majority of tourniquet systems today require manual application of pressure, resulting in
inadequate pressure or failure to apply the system correctly, especially in emergencies. This project will
create an automatic tourniquet system that minimizes user effort while consistently providing sufficient
pressure to stop bleeding in a time-efficient manner. The device must follow military protocol and be
designed to be easily attached to military equipment. Additionally, the tourniquet will be designed to be
consumer-friendly with the possibility to be applied to household and medical-setting emergencies with
the primary focus being the U.S. military.

Total Available Market and Competitive Advantage
The global total available market is expected to reach 1.0063 billion dollars by 2025, with a 2.4%
compound annual growth rate from 2020 to 2025 [8]. In addition, surgical tourniquets are expected to
make up 582.77 million of the Total Available Market by 2026, leaving the rest for military and
emergency use [9].
A list of current tourniquet competitors is listed in Table 1. This list indicates tourniquets
currently approved for use within the United States military and will be competitor products to our design.
Table 1. Current Tourniquets Approved By The U.S. Military
Product

Basic Description

CAT-7

The most popular tourniquet currently used by the U.S. military

RMT Tactical

Self-locking ratcheting mechanism to ensure stability

TMT

Wider band and one-handed application in under 30 seconds

TX3

Bite strap and self-locking system built within the tourniquet

Delfi EMT

Bladder pump and aluminum clamp used to secure the tourniquet

TPT2

Manual pump and ratcheting mechanism to lock the tourniquet in place
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Intellectual Property Assessment
In order to ensure our device does not conflict with devices listed with U.S. patents or have
undergone an application, the team researched tourniquets that were automatic and similar in nature to
what we intended to create. This research can be found in Table 2 below.
Table 2. Current U.S. Patent and Applications With Similar Characteristics To The Project Design
Patent/Application

Claim Description

US 20170049164 A1:
Wearable device for reducing
fluid loss

The device claims to use gas and tubes to create pressure to stop the
wound and release wound sealant. The gas will be released through a
cartridge.

US 20170304136 A1:
Wearable, self-locking shape
memory alloy (SMA)
actuator cartridge

The device uses a shape memory alloy that contracts when a current is
applied, causing the tourniquet to tighten. When tightened, it has a
locking mechanism to keep it in the contracted state when the current
is turned off.

US 20180193029 A1:
Personalized tourniquet for
intermittent vascular
occlusion

This is a personalized tourniquet system that uses a dual-purpose cuff
w/ an inflatable bladder, and a sensor module that uses a pulsation
sensor to communicate with the bladder. The sensor is capable of
identifying the minimum pressure at which penetration of blood past
the cuff is stopped.

62802348: Fast-Acting
Tourniquet Device and
Methods For Using Same

A device consisting of a deformable slap band of a tourniquet device
w/ an air bladder on and/or around a body limb or body part. Inflating
the air bladder using pressurized gas canisters to control blood flow.

62433481: Automatic
Tourniquet For Emergency
Or Surgery

The system is manually fastened around the limb, with an inflator. The
device uses a length sensor and an electric circuit that can detect the
circumference of the limb. The pressure sensor has two circuits
arranged to measure the inflated pressure and the blood pressure of the
user. These two circuits are arranged to create feedback loops that are
inputted into a processor programmed to operate according to a control
algorithm. This will calculate a target pressure in response to the
measured SBP, and recorded limb circumference. This will monitor
input from the pressure sensor and compare the sensed pressure with
the calculated target pressure

2016-047318: Simple Auto
Electronic Tourniquet

The system is to contain a cuff, a pressurizing means and a way to
customize pressure as necessary. The system relies on an external
option of inputting pressure when necessary. Moreover, the system
works by measuring the blood pressure of the patient and adjusting the
pressure on the arm automatically.
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Technical Literature
Technical literature in reference to tourniquets were thoroughly researched by the team in order to
find the issues with current tourniquets and possibly improvements that can be applied towards our
device. Table 3 below provides the literature that was found and a brief description of the article.
Table 3. Technical Literature Regarding Tourniquets
Journal Article

Description

Major limb trauma without a
prehospital tourniquet has
increased death from hemorrhagic
shock [2]

Journal article looked at 306 patients who received 326
tourniquets. The data showed that waiting until trauma care
arrival resulted in worse blood pressure and increased transfusion
within the first hour of arrival.

The Tourniquet Gap: A Pilot Study
of the Intuitive Placement of Three
Tourniquet Types by Laypersons
[3]

The article was designed to determine which tourniquet type
resulted in the most intuitive attachment of the tourniquet by
normal people. The conclusion found from the study was that
from 198 participants, the highest success rate was only 23.4%.
The most common cause of failure was inadequate tightness,
improper placement technique and incorrect positioning.

The Military Emergency
Tourniquet Program’s Lessons
Learned With Devices and Designs
[4]

The article is a study on how lessons were taught for emergency
tourniquets in the military and how discarded tourniquets looked
after emergency care. From 159 devices, the study found that
there were issues with specific pitfalls such as sand-clogged
ratchees and strength issues such as painful areas. Moreover, the
study found that there were issues with user error such as not
following instructions and using too much pressure when it was
not needed.

Tourniquet Use Is Not Associated
With Limb Loss Following
Military Lower Extremity Arterial
Trauma [5]

This specific article was done to see the effect of battlefield
extremity tourniquet use and the effects on lower extremity
arterial injury. Through the study, 455 cases were reviewed with
254 having a tourniquet applied for a median of 60 minutes. The
study concluded that having a tourniquet on does not result in
limb loss but it does result in wound infection and neurological
compromise. This could be due to the fact of increased tourniquet
application which results in greater complications such as
rhabdomyolysis.

Use Your Noodle To Simulate
Tourniquet Use on a Limb With
and Without Bone [6]

The purpose of this study was to find how to simulate tourniquet
use on a thigh with or without bone as a method to make first-aid
teaching easier. The study used pool noodles that had a wood
dowel inserted inside it to simulate bone. The data and conclusion
that was presented from the study was that bone within the thigh
helped compression of the tourniquet due to the soft tissue being
in place to resist the forces. The lack of bone however changes
the compression profile which in turn complicates the control of
blood.
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III.

Indications for Use
Effective as of 21 Feb. 2021.

The Automatic Tourniquet System can be used by military personnel during moments of trauma
to reduce and constrict blood loss from the trauma area. The tourniquet will be placed around the area of
trauma by trained personnel, and the automatic compression will be initiated through a button on the
device. The system will then use photoplethysmography to measure heart rate and calculate the required
pressure to constrict blood flow based on that reading. In doing so, the system will reduce the amount of
tissue damage to the area of trauma and prevent further complications due to blood loss. Feedback from
the system will include blood pressure and time of application to be given to medical personnel.
The automatic Tourniquet System can be used by all military personnel above 16 years of age.
The system should not be used for more than two hours, and if two hours have been exceeded, then
medical attention is required to remove the tourniquet. Patients should attempt to receive other
blood-stopping mechanisms in conjunction with the tourniquet as the tourniquet may not be sufficient in
completely stopping blood flow.

IV.

Specification Development
Customer Requirements

Customer requirements for the project were based on research that was completed on existing
prosthetics. The team went through several research papers that indicated issues that might occur in
prosthetics, and as such, the customer requirements are the “solutions” to those issues. These issues range
from too much pressure with existing tourniquets to problems with instructions for applying tourniquets.
The customer requirements are listed below in Table 4.
Table 4. Customer Requirements With Individual Specifications and Measurements
Customer Requirement

Measurement

Specification

Quick attachment

Digital timer

< 45 seconds

Weight

Digital scale

< 1 lbs

Successfully stops blood

Visual or LOP sensor

No blood seen or no heartbeat
seen past the place the
tourniquet has been applied

Minimum attachment time

Digital timer

2+ hours

Variable Pressure

Sphygmomanometer

50-300 mmHg
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House of Quality/QFD Chart
The team created a QFD chart to evaluate the customer requirements to technical requirements
for our tourniquet device. Moreover, the QFD chart indicated which customer and technical requirements
should be the central focus for the team to create this device successfully. The QFD can be found in
Appendix A-1. Through the QFD, results indicated that these customer requirements were the most
important: quick attachment (13%), successfully stopping blood (13%), and one size fits all (12%). The
results also indicated these technical requirements as the most important: automatic system (14%),
minimize bad side effects (12%), and quick pressure application/release (11%).

Development
The project’s current development relies on the team evaluating methods to find the user’s blood
pressure. By finding the blood pressure, the cuff of the tourniquet can increase or decrease the pressure,
which in turn stops blood flow and ensures the tourniquet does not apply constant pressure for an excess
amount of time. Once a blood pressure reading method has been chosen, the team will design the
complete tourniquet into different sections: the wrap, the electronics, and the blood pressure system.
These three sections will be split between each member and will increase the project’s productivity. The
sections will be combined together, and an attempt at a functional prototype will be made once the
sponsor has approved each section.

V.

Network Diagram
Effective as of 24 May. 2021.

The network diagram can be found in Appendix A-2. where it contains the Gantt chart and the
critical tasks for this project that was completed throughout the entire project.

VI.

Bill of Materials
Effective as of 24 May. 2021.

The budget for this project will total near $700. The detailed bill of materials is outlined in
Appendix A-3. The bill of materials comprises three different categories of purchases, mechanical
components, electrical components, and testing components. All three categories have been purchased
from a wide variety of sellers. The bill of materials listed in Appendix A-3 is the final purchase list
completed for this project.
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VII.

Conjoint Analysis

The team completed the conjoint analysis to analyze customer attraction to different sets of
design choices to the automatic tourniquet. The conjoint analysis factors and cards can be found in Tables
5 and 6 below. The statistical analysis can be found in Appendix A-4. The statistical analysis was
completed on Minitab using regression analysis.
Table 5. Conjoint Analysis Factors With Individual Levels
Factor

Level 1 (0)

Level 2 (1)

Cuff Size

12 - 38 in

6 - 38 in

Weight

12 oz

3oz

Pressure Application

50-300 mmHg

250 mmHg

Table 6. Cards Created Using Each Specific Level
Card #

Cuff Size

Weight

Pressure Application

1

12-38in

12oz

50-300 mmHg

2

12-38in

3oz

250 mmHg

3

6-38in

12oz

250 mmHg

4

6-38in

3oz

50-300 mmHg

The team selected three factors that were seen as the most critical factors of a tourniquet: cuff
size, weight, and pressure application. From the three factors that were selected, four cards were created
with the specific levels that were made. Due to COVID-19, customers were not used, and instead, each
team member rated the four cards. The ratings were given on a scale of 1 to 4, 1 being the best and 4
being the worst. Once all the ratings were completed, regression analysis was conducted on the data, and
the output was provided.
From the data that was acquired, it could be seen that the factor of pressure application was the
most significant factor for the tourniquet due to the P-value being less than 0.05. The other two factors
were not significant due to the P values being greater than 0.05. As such, the success of our product relies
on ensuring that the pressure application has variability due to the user.
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VIII.

Morphology & Concept Evaluation
Morphology

An example of our Morphology table can be found in Appendix A-6. We generated concepts for
tourniquet size, band edge shape, source of pressure, and how blood pressure would be read. These
introductory sketches can be found in Appendix A-5. For the blood pressure sensor, we determined out of
all the options that a distal photoplethysmography probe would be the best due to its accuracy, low cost,
and ability to be automatic. For the source of pressure, we looked at an electrical air pump as well as
compressed gas, with both appearing to be successful at performing the intended function. For tourniquet
edge shape, the intended function is to reduce the pressure gradient of the band and minimize the bad side
effects of a gradient that is too steep. This pressure gradient is also taken into account when determining
the width of the tourniquet band. Each of these categories has multiple options. Using the concepts for
each of these functions, we created three overall design concepts: An External System, an Internal
System, and a Non-Variable Gas System. Each of these concepts is described below.

Concept Evaluation
Concept evaluation was conducted based on morphology tables and sketches that were produced. The
central concept that was evaluated for this tourniquet would be the three possible systems for an
automatic tourniquet: external, internal, and non-variable gas. The descriptions for each of these specific
systems can be found in Table 7. The pugh matrix for these systems can be found in Appendix A-7.
Table 7. Description of the Individual Automatic Tourniquet Systems Used for the Pugh Matrix
System

Description

External System

All removal/external parts so external photoplethysmography probe that attaches
to the finger and the pump/machine is a separate device that attaches to the band
with tubes. A battery pack will be inside the pump/machine component and will
run the pressure changes that are required. The external probe will read the users
pulse and transmit the data via Bluetooth to the pump system which will adjust
the pressure accordingly. The pressure band will be similar to a blood pressure
system band which contains tubes for air to enter.

Internal System

All components are together on the band. Photoplethysmography probe is at the
bottom of the band and the pump is on top of the band while will adjust the
pressure as required. This system requires a large band to contain all the
components and all components will be limited by the band size.

Non-Variable Gas
System

One pressure automatic system that uses a gas cartridge. The user presses a button
and the pressure is fixed to a certain amount with the gas cartridge. This system
does not create any variability in the pressure and will instead just sustain a strong
force to stop blood flow. The gas cartridge can either be an external component
that needs to be entered into the system or can be pre-installed. Moreover the
system will be compact due to the reduced amount of components.
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Based on the Pugh matrix results, the team selected the internal system design as the end-goal for
the project. The internal system design minimizes the strain on the end user which results in successful
application and minimization of bad sad effects i.e., nerve injury. By using a centralized system, the
tourniquet can be compact while still allowing the main feature of allowing variable pressure of the band.
It is important to note that there was only a 10% difference between the external and internal system. Due
to the time constraints of this project which requires a functional prototype by June 2nd, 2021, the team
decided to initially create an external design. The external design allows the ability to rapidly prototype
and test our design without constraining it to a specific size or dimension. If the concept system is
successful with our presentation to Dr. John F. Kragh, who is a contact within the U.S. Army Institute of
Army Research, and approved for further refinement, the team will then attempt to convert the external
design to an internal design.

Conceptual Model
After the concept generation and evaluation we created a conceptual model to represent the three
components of our design along with their system integration. The 3D Computer-Aided Design (CAD)
model can be seen in Figure 1. The first component represents the tourniquet band, which has the
pressurized compressive component that will occlude the limb, along with an attachable sleeve. Currently,
this sleeve will be attached using a buckle tightening method, and the sleeve will act as an outer shell to
the pressurized occlusive component.
The next system in our design is the integration of the heart rate feedback and the resulting
pressure applied to the band. Once on, the system will automatically pressurize the cuff to a pressure
value that will ensure limb occlusion. Then the system will slowly release pressure from the cuff until the
heart rate sensor reads a heart rate signal and transmits that data to the microcontroller. This indicates that
there is blood flowing through the limb and there needs to be a slight increase in pressure to occlude the
limb at a minimal pressure. Once the microcontroller receives the heart rate transmission it will increase
the pressure in small increments (5-10 mmHg). The microcontroller will hold pressure constant if the
heart rate transmission does not indicate a heart rate signal.
The final component of our conceptual model is a heart-rate sensor that uses
photoplethysmography (PPG) technology to read heart-rate. PPG is an optical technique used to detect
volumetric changes in blood in peripheral circulation. PPG uses low-intensity infrared (IR) or green light
that is transmitted through the surface of the skin. When light travels through biological tissues it is
absorbed by bones, skin pigments and both venous and arterial blood, but the light is most strongly
absorbed by blood. Therefore, when there are volumetric changes in arterial blood due to pulses of the
cardiac cycle, there is an increase in light absorption beneath the photodiode. The voltage signal from
PPG is proportional to the quantity of blood flowing through the blood vessels. Once the PPG system
stops sensing changes in light absorption it can be assumed that there are no changes in arterial blood
volume and there is no pulse beneath the system.
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Figure 1. Computer-Aided Design Of The Automatic Tourniquet.

Failure Modes & Effects Analysis (FMEA)
The team conducted a failure modes & effects analysis (FMEA) in order to examine the potential
hazards and risks of failure that exist within our design. The FMEA can be found in Appendix A-8. The
team evaluated the tourniquet in the FMEA by the four main sections: heart rate sensor, pressure source,
tourniquet band, and the electronic feedback controllers. Through the FMEA, the team recognized these
concerns which had the highest risk priority number (indication of risk levels):
● Pressure system producing an inaccurate reading (RPN = 280)
● Heart rate sensor producing an inaccurate reading (RPN =189)
● Insecure attachment of the tourniquet band (RPN = 144)
● Inaccurate feedback system (RPN = 112)
Arguably the most important component of the design is the pressure system that pressurizes the
tourniquet this band, therefore an inaccurate reading of the internal tourniquet pressure is considered very
hazardous. This failure mode could lead to injury to the user or inadequate occlusion of the limb. In order
to avoid this hazard our team has decided to take two approaches. One being a test done after
manufacturing to increase the pressure within the system and monitor the pressure response and sensor
accuracy. The other is to include an auto-checking system to ensure that the pressure sensor is working
successfully prior to the use of the tourniquet. The team will require that prior to inflation the pressure
system must accurately read the initial pressure (atmospheric pressure) before being able to be applied.
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The next failure mode that ranked the highest is the deficiency in the heart rate sensor. Without an
accurate heart rate sensor our system will not be able to calculate the limb occlusion pressure necessary to
stop the blood flow to the limb extremity. We will implement one solution: increasing the tourniquet
pressure to a high starting pressure, to begin with, then decreasing the pressure until a distal heart-rate is
detected, then increasing slightly again to eliminate the heart rate. The team hopes to create our design so
that if the heart rate sensor fails, the tourniquet system will just remain at the pre-set pressure. The other
solution we will implement in the refinement stages of our design process is a dual-sensor design. The
team would like our final device to have two sensors giving feedback to the tourniquet to greatly reduce
the likeness of a failure mode caused by the heart rate sensor.
The attachment method of our design is also an important component that has potential device
failure, because with an unsuccessful attachment the system will not be pressurized correctly and will not
occlude the limb. This system must be thoroughly tested to make sure that the calculated pressure by the
system is correct and successfully occludes the limb for a large range of users. The team will conduct
these tests via finite element analysis, then a pool-noodle system, and finally using advanced models.
The final high-scoring failure mode, inaccurate feedback system, will also be addressed during an
implemented system test prior to shipment. The inaccurate feedback system will be caused either due to
improper signal receiving or transmission from the microcontroller(s), therefore, this control will undergo
tests to examine its data retrieval, data conversion, and transmission efficacy.

IX.

Final Design
Detailed Design

Detailed component design drawing can be found in Appendix A-9 for each system. An
overview is listed below with each main component being broken down into their specific subunits. A
complete image of our prototype can be seen in Figure 2.
Heart Rate Sensor/Pulse Oximeter
● LED light source (infrared or green light)
● Photo-diode
● LED & LCD driver
● AC-DC converter, DC-AC converter
● Microcontroller
● Power supply (battery) & connection
● Data storage, and data bluetooth transmission
Pneumatic Tourniquet Cuff
● Inflatable cylindrical bladder
● Cuff Sleeve
● Locking mechanism to keep the cuff in place
● Input/Output valve for pressure
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Main Control System
● Contains main electrical housing that reads and transmits information
● Bluetooth data retrieval component
● Contains pressure pumps, pneumatic valves, and pressure transducer to send and remove pressure
from the cuff
● Heart rate information comes to the Arduino, Arduino takes that information and
increases/decreases the pressure application to the cuff. When heart rate information reaches close
to zero or at zero, pressure application stops and the cuff is locked

Figure 2. Images Of The Automatic Tourniquet System Final Prototype

Manufacturing Process Instructions (MPI)
The prototype manufacturing plan diagram can be found in Appendix A-10. This plan describes
how our prototype is to be assembled using purchased parts. While we initially aimed to create some
features independently, we used mainly existing components to create a proof of concept device.
The pulse oximeter was connected wirelessly to the ESP32, while the rest of the electronics were
connected through jumper cables. The individual connections to the jumper cables and their parts can be
seen in Figure 2. The air pump was connected to an L293D microcontroller to have both power and
control signals be sent to the motor separately, as the ESP32 signal pins do not output enough current to
power the motor on their own. The ESP32 power and signal pins were connected to the microcontroller’s
input pins, while the pump was connected to the output pins. One tube was connected between the pump
and the tourniquet band, with a branch coming off between the two ends. This branch has an air valve
connected, which we have connected to the power pins of the ESP32 with a switch. This allows the
system to be emptied quickly.
The complete system relies on a main Arduino code that brings all the electrical components
together. The Arduino code contains instructions on how to read the pulse oximeter data which will be
used to run the pump. The code also contains instructions to read the pressure values within the pressure
transducer as the system is running. Finally, the code outputs the data to the user by showing the pressure
value and the heart rate of the user.
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Design History Record
The product’s manufacturing process was created in collaboration between all members of the
team and no aspect of the project was done individually. Specific components were purchased from
external sources and therefore reduced the manufacturing process that would usually be required. Many
aspects of the prototype were changed over the course of the prototyping stage. The initial prototyping
stage began with the introduction of the pulse oximeter connection with a ESP32 and Arduino Uno.
Additional components were added over time, starting with the pump, tourniquet, and microcontroller.
With initial power draw issues, our team removed the Arduino Uno and consolidated our system to the
ESP32. By doing so, the power draw issue was mitigated, but not fully solved. The pressure transducer
and electrical valve were added last. These components were introduced once the tourniquet was being
inflated as needed and would therefore be essential for testing purposes. Our final design and individual
items are listed within the MPI. The Arduino code to our system has been updated over time by adding
additional lines of code with each new system that was added.

Test Plan
Updated as of April 18th, 2021.
The detailed test plan can be found in Appendix A-11. The test plan provides the specific
specification of the tourniquet that needs to be tested, the test description, the number of trials required,
and acceptance criteria. The acceptance criteria is based on conservative values found in the literature on
tourniquets. Each of the tests will be completed by one or more team members for this project and will be
conducted on Cal Poly - SLO facilities.
The majority of the tests will be completed on a simple testing apparatus that Dr. John F. Kragh
recommended during the team meeting. The testing apparatus will require a large pool noodle, and a
dowel can be placed on the inside of the noodle. If the tourniquet can successfully compress the pool
noodle with the dowel, then the tourniquet can be assumed to compress an upper arm successfully. The
team will be constructing this apparatus and will improve on it by adding a tubing attached next to the
dowel. The tubing would have water flowing through it, and if the tourniquet can compress and stop the
water flow, then the team will have a visual representation of successful constriction. Consistent testing of
the pool noodle apparatus is required for each prototype in order to ensure successful constriction. A
similar apparatus created by the “Health & Safety Institute” for tourniquet practice is shown in Figure 3.
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Figure 3. Health & Safety Institute Pool Noodle Tourniquet Practice Model [10]
Constriction of the pool noodle apparatus is essential to the device and will need to be successful
to continue with the test plan provided in Appendix A-11. Each test will be conducted in Cal Poly
Mustang 60 to ensure sufficient testing area and essential tools are available when required. A manometer
is also used during testing to measure voltage, and current within the system is within a safe zone and will
not pose a risk in the future.

X.

Verification and Validation
Installation Qualification (IQ)

The current Installation Qualification ensures that all components are traceable back to their
original source within the manufacturing process. The Installation Qualification can be found in
Appendix A-12, which indicates the purchased item, the manufacturer, and the link to the item.

Operations Qualification (OQ)
The operations qualifications (OQ) analysis for the current design was done by conducting the
test plan, described in detail in the final design section. This test plan addresses all defined specifications
for the performance metrics/engineering requirements that must be met for design safety and efficacy. The
detailed results can be viewed in Appendix-13. A summary of the engineering specifications that
correspond to a designed test procedure is as follows:
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Engineering Specification

Designed Test

Constricts blood flow

Complete occlusion of vasculature at attachment site resulting
restricted blood flow distal to the attachment site.

Speed of pressurization

System must pressurize at a minimum rate of 10 mmHg/s

Time of complete
pressurization/depressurization

Total time for pressurization must be under 45 seconds
Total time for depressurization must be under 10 seconds

Accuracy of pressurization

Pressure within the system must be accurately read within 5%
standard error.

Maximum pressure

The device must be capable of reaching a maximum pressure of 350
mmHg.

Sustains pressure over time

Pressurized tourniquet must sustain pressure for a minimum of two
hours.

Different arm size
compatibility

The device must be adjustable for a range of arm circumference.

6/7 tests were conducted to analyze the current system. The only test that was not able to be
undertaken was the accuracy-of-pressure test procedure. The test plan requires a manual pressure bulb to
measure the internal pressure to be compared to the data recorded by the pressure transducer. Given more
time, and the ability to purchase the component, this test can be conducted. A summary of the results from
the remaining tests are as follows:
Speed of Pressurization- The pressurization rates were calculated at 50 mmHg intervals until
200 mmHg. System passed at each interval.
Time to Complete Pressurization/Depressurization-The time to reach a sufficient occlusion
pressure (250mmHg) and depressurize was measured with a timer. System passed for
pressurization and depressurization.
Accuracy of Pressure- The test plan for accuracy requires a manual pressure bulb to manually
measure the internal pressure to be compared to the data recorded by the pressure transducer.
Given more time, and the purchase of this component, this test can be conducted.
Max Pressure - Device was allowed to pressurize until a maximum pressure was reached.
System failed. The pumps were capable of reaching the max pressure when directly connected to
a power source, however, when connected to the system the maximum pressure in the system was
not reached.
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Time to Sustain Pressure - Device was run until a sufficient occlusion pressure was reached
(250mmHg), and shut off/closed to maintain the pressure. System failed. The system dissipates
pressure overtime - reaching atmospheric pressure in 8 minutes, indicating an air leak within the
system.
Constricts Blood Flow - Device was connected to testing apparatus and pressurized to occlusion
pressure. The percent occlusion of the latex tube (vasculature) was measured. System passed.
Arm Size Compatibility - The range of diameters the tourniquet cuff was compatible with was
measured. System Passed.
The results for the pressurization as a function of time can be seen in Figure 4. These results
illustrate a significant limitation of our current prototype system. There is a power draw within the system
- likely due to the microcontroller - that leads to a decreased pressurization rate over time ending with a
maximum pressure of around 1050 mmHg. When the pup is tested individually, this effect is not seen and
the maximum pressure is significantly higher. Therefore, more troubleshooting must be done to address
this current issue, starting with replacing/upgrading the microcontroller because the controller currently
being used is known to draw power. Addressing this power draw should address one of the failed test
results, the maximum pressure, for it has been shown that the pumps can reach the desired maximum
pressure within the tourniquet with sufficient power. The other failed test, time of maintaining
pressurization must be addressed by troubleshooting the source of pressure leakage. It is currently
hypothesized that this source is at the tube-pressure transducer interface, but this has not been confirmed.
After these two system failure points have been addressed and the final test (accuracy of pressure) has
been conducted, the system will pass the operations qualifications required to meet device safety and
efficacy standards and achieve all engineering specifications.

Figure 4. Tourniquet Cuff Pressurization Rate Over Time.

~17~

XI.

Conclusion
Limitations and Evaluation

Based on the overall prototype development and the ensuing prototype demonstration shown to
Dr. John F. Kragh, our device was presented with many limitations that must be evaluated for future use.
Based on our informative session with Dr. Kragh, we were provided feedback on certain
limitations within our device and testing that we should consider completing on our device if it was going
to move forward. The four main points that Dr. Kragh provided are the following: pulse oximeter
limitations, validation with a doppler device, calculated pressure gradient, and understanding that
additional pressure will be created with an overlap of the tourniquet cuff.
Currently, pulse oximeter devices are limited to reading around 20% of the pulsatile flow within
the finger. Once occlusion goes further than 20%, the pulse oximeter will indicate no heartbeat, which can
produce the misinformation that complete occlusion has occurred. Due to the nature of our device, which
relies on the pulse oximeter to control the air entering the tourniquet cuff, when no heartbeat is detected,
the pump will stop. No heartbeat detection can potentially be an issue wherein our tourniquet cuff will not
pressurize once the pulsatile flow is lower than 20%. Dr. Kragh has indicated, however, that anything
below 20% occlusion of the pulsatile flow will be significant enough to create a successful tourniquet.
This limitation must be considered for future use and will need to be researched further to understand
where our pulse oximeter will read no beat in range to the pulsatile flow.
There are two standard methods to measure the heart rate, a pulse oximeter and a doppler device
within the medical field. Dr. Kragh indicated to our team that we would need to verify our pressure
transducer numbers to a doppler device that can provide more accurate numbers and check our values.
The doppler device is relatively inexpensive and can be purchased in the future for validation purposes.
Dr. Kragh indicated that one of the most important aspects of a tourniquet is calculating the
pressure gradient that the tourniquet produces from one edge to the other. This pressure gradient will
provide input on how our device will occlude the limb and how fast pressure falls going towards the
edges. Our device intends to stop nerve damage, which comes from thin tourniquets that have lots of
pressure applied. The pressure gradient of these thin tourniquets has a very sharp drop off on the sides
while having a very high maximum pressure. In turn, this creates sharp points on the tourniquet that can
damage nerves, similar to a toothpaste where the nerve will be squeezed out of two sides. Our device,
which uses a standard-sized adult cuff, is intended to stop the squeezing effect and should have a slow
taper from maximum pressure to no pressure when going towards the edges. This analysis is critical and
will need to be completed to accurately represent how our device will interact with the veins, arteries, and
nerves within the body. Dr. Kragh recommended a few options to evaluate the pressure gradient, one of
which was to use pressure plates that would be placed within our pool noodle apparatus. Pressure plates
can be placed right below the cuff, inside the pool noodle itself, and even on the wood dowel. Once the
tourniquet squeezes on the apparatus, the pressure plates will provide a reading from one edge of the
tourniquet cuff to another, which could be used to create a pressure gradient curve.
With different arm sizes, the tourniquet cuff will wrap either more or less around the arm. Dr.
Kragh indicated to our team that the cuff's overlaps onto the limb create a doubling effect wherein
additional pressure will be created. If too much pressure is being applied, damage can occur to the user
and make our device unsafe for use. Testing various cuff overlaps with the pressure plates recommended
in the previous paragraph would provide good input on the maximum pressure.
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All of the limitations currently found within our device can be evaluated with additional time and
resources. Many of the tests indicated above require new devices to be purchased and electronics to be
created, many of which would take more time than the allocated amount within this senior project. The
data acquired from the additional rounds of testing will be invaluable to determining the functionality of
our device and whether it is safe for use with human limbs.

Future Application
With the limited prototype time and testing completed on our automatic tourniquet, the device
was successful by going through the initial stages of prototyping. Main issues within our device can be
seen mostly with inconsistent power draw and leakage of air between the tubing, all of which can be
improved in the future. Suppose the issues are solved, and the additional testing is completed as
recommended by Dr. Kragh. In that case, our device could move from a prototype stage to a more
developed device that could be marketable.
Improvements that can be applied to the prototype can create a customized printed circuit board to
modularize the electronics within our system. Additionally, our system would implement a digital screen
to output information and contain a hardwired on/off switch that will be used for emergencies. Our device
has many opportunities to grow and improve, and with that, our team hopes to sponsor the project for
continuation by other students within Cal Poly - SLO.
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A-1: QFD Chart
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A-2: Gantt Chart
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A-3: Bill of Materials
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A-4: Conjoint Analysis Results
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A-5 Introductory Sketches

Figure 1. Distal Sensor vs. Local Sensor Concept Sketches. These sketches illustrate different ways to
use photoplethysmography or bioimpedance analysis (at various locations) to calculate heart rate and
provide feedback to our system.
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Figure 2. Sketches of the different band sizes with the different shapes and specific sizes. Sizes are based
on approximations that were found online for different devices. Smallest tourniquet size begins at 2 in as
recommended by tourniquet researcher, Dr. Kragh.
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Figure 3. Side, top, and front view of the gas canister pressure source. Includes canister attachment, tube
going into the tourniquet cuff, and a button to activate pressure delivery.

Figure 4. A side and top view of a pump system source of pressure. Includes a battery, an air pump with
intake tube and delivery tube into tourniquet, and an arduino nano acting as a control system.
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A-6 Morphology Table
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A-7: Pugh Matrix
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A-8: FMEA
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A-9: Detailed Component Design
Heart Rate Sensor:
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Pneumatic Tourniquet Cuff:

Main Control System:
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A-10: Prototype Manufacturing Plan

~35~

A-11: Test Plan

Test Plan
Item No. Specification

Number
of Trials Acceptance Criteria Responsibility

Test Description

1

Speed of
pressurizatio
n

10

< 45 seconds for
pressurization
< 10 seconds for
depressurization

2

Time of
Manually time the
complete
amount required to
pressurizatio
reach 250 mmHg and
n/
the time to release that
depressurizat
pressure to 0.
ion

25

< 5% error compared
to base value

Arshia

3

Pressurize the system
using to 3 pressure
points (100, 150, 250).
Accuracy of
Lock pressure and
pressurizatio
attach a manual
n
pressure bulb to read
the pressure in the
system.

25

> 350 mm Hg

Marina

4

Pressurize system to a
value higher than
normally used in
pneumatic tourniquet
systems

5

< 5% pressure loss
overall

Marina

5

Lock in the pressure
Sustains
within the cuff for a
pressure for certain period of time
a certain
and check the pressure
period of time at 15 minute intervals
until 2 hours
Constricts
blood flow

10

Completely restricts
blood flow

Blake

6

System stops the
“blood” flow in the tube
testing apparatus when
constricted

Different arm
size
compatibility

Attach cuff to 5
different people on
each different arm

1

Successful
attachment to all arm
sizes

Blake

Maximum
pressure

7

Calculate the rates at
50 mmHg intervals
until 200 mmHg
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10

> 10-15 mm Hg per
second

Arshia

Arshia

A-12 Installation Qualification (IQ)

Installation Qualification (IQ)
Item

Use

Quantity

Source/Manufacturer

Link

Pulse Oximeter

Measures pulse
using PPG and
sends pulse data via
Bluetooth

1

Sold by Amazon,
Manufactured by Tomorotec

Pulse Oximeter

ESP 32 Arduino

Receives pulse
data, coded to
initiate all system
responses and
record feedback

1

Sold by Amazon,
Manufactured by HiLetGo

ESP 32

Microcontroller

Coded to power
air-pump when
there is a detectable
pulse

1

Digi-Key, Part Number
2156-MSP430G2303IN20-T
I-ND

Microcontroller
(L293D)

Pump

Pressurizes/depress
urizes system

2

Adafruit, PRODUCT ID:
4699

Electric Air Pump

Pressure transducer

Measures and
records systemic
pressure

1

Adafruit, PRODUCT ID:
3965

Pressure Transducer

Tourniquet Cuff

Connection to
tourniquet cuff for
pressurization

1

Reister

T. Cuff

Electronic Valve

Manipulates
direction of flow
for pressurization
and for
depressurization

1

Adafruit, PRODUCT ID:
4663

valve

Switch

Initiates
depressurization

1

Adafruit, PRODUCT ID:
4663

switch

Wires (small)

Connects circuitry

1

Adafruit, PRODUCT ID:
1956

small wires

1

Adafruit, PRODUCT ID:
1957

large wires

Wires (large)

Connects circuitry
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A-13 Test Results

Test Plan Results
Item
No.

Specification

Test Description

Acceptance
Criteria

Trials

Result

Pass/Fail

Pass

Pass

10

> 10-15 mmHg
per second

50 mmHg:17.2414
mmHg/s
100mmHg: 17.8571
mmHg/s
150 mmHg: 11.1111
mmHg/s
200mmHg: 10.2041
mmHg/s

10

< 45 seconds for
pressurization
< 10 seconds for
depressurization

Pressurization: 33.1s
Depressurization: 3s

2

Time of
Manually time the
complete
amount required to
pressurization/ reach 250 mmHg and
depressurizatio the time to release that
n
pressure to 0.

25

< 5% error
compared to
base value

3

Pressurize the system
at 100, 150, 250 mmHg.
Accuracy of
Lock pressure and
pressurization attach a manual bulb to
read the pressure in the
system.

Maximum
pressure

Pressurize system to a
value higher than
normally used in
pneumatic tourniquet
systems

25

> 350 mm Hg

276 mmHg

Fail

Sustains
pressure for a
certain period
of time

Lock in the pressure
within the cuff for a
certain period of time
and check the pressure
at 15 minute intervals
until 2 hours

5

< 5% pressure
loss overall

8 Minutes
(1010mmHg->779mmH
g)

Fail

Constricts
blood flow

System stops the
“blood” flow in the tube
testing apparatus when
constricted

10

Completely
restricts blood
flow

Visual Test completely
constricts the latex tube
(vessel)

Pass

Different arm
size
compatibility

Attach cuff to 5 different
people on each different
arm

1

Successful
attachment to all
arm sizes

Min D: 3.5"
Max D: 5.25"

Pass

Speed of
pressurization

Calculate the rates at
50 mmHg intervals until
200 mmHg

1

4

5

6

7
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Could Not
Complete

